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FERTILIZATION
is internal in almost all species of salamanders even though males lack an intromittent organ. Transfer of spermatozoa is accomplished by means of a spermatophore that consists of a cap containing spermatozoa atop a gelatinous base. In plethodontid salamanders, the male deposits the spermatophore on the substrate, and the female picks up the spermatophore cap in her cloaca, leaving the base behind. In the female, spermatozoa migrate from the cap to a cloacal storage organ, the spermatheca, where spermatozoa can remain viable for months or even years before ova are fertilized (Boisseau and Joly, 1975) .
The role of the spermatophore in sperm transfer in salamanders has been known since the report of Robin (1874), and there are many descriptions of the structure of spermatophores of salamanders (see Zalisko et al., 1984) . Few studies, however, attempt to correlate spermatophore histological structure with the secretions of the male cloacal glands or to estimate the impact of spermatophore production on glandular reserves. The latter aspect is of particular importance in salamander courtship since males are almost certainly limited in the number of spermatophores that can be deposited on any one night.
Two reports described the spermatophore in terms of its basic composition of glandular secretions. Noble and Weber (1929) studied the plethodontid Desmognathusfuscus and found that a group of male cloacal glands called the pelvic glands secreted the bulk of the cap while another group of glands, the ventral glands, secreted the base. They stated that spermatozoa usually were rather evenly distributed throughout the pelvic gland material. In a second study, spermatophore production in Ambystoma opacum (Ambystomatidae) was found to be similar to that in D. fuscus except for an additional "scaffolding" component added to the base by another gland lying between the pelvic and ventral glands (Noble and Brady, 1933 One species in particular, D. ochrophaeus, is ideal for reproductive studies as it can be easily maintained in the laboratory where it will court reliably for at least eight months of the year. From specimens in a laboratory colony, we herein describe for D. ochrophaeus the histological composition of the spermatophore in terms of male cloacal gland secretions. We also describe the altered structure of the spermatophore cap after it has been held in the female cloaca for up to 10 hr. We use our findings to focus attention on critical aspects of courtship behavior in natural situations.
MATERIALS AND METHODS
We collected salamanders during Aug. 1980 from Unaka Mountain, Unicoi County, Tennessee, and Deep Gap, Macon County, North Carolina. The animals were brought to the laboratory and housed individually at 15-16 C on a natural (Chicago) photoperiod and fed Drosophila ad libitum. A male deposits a spermatophore only in the presence of a receptive female, so courtship encounters were staged by placing one male and one female together in a clear plastic container (17 x 31 x 9 cm) lined with a moist paper towel.
On 10 Nov. 1982 we staged courtship encounters in 30 male-female pairs. Pairs were placed together at 1800 hr and monitored continuously from 2000-2400 hr. We recorded the following courtship data for each pair, and preserved specimens at each of these courtship stages (N = sample size): 1) male courtship interest in the female, defined as the male orienting towards the female, following the female about the container, or repeatedly attempting to make (or actually making) physical contact with the female (N = 2 66); 2) during the "tailstraddling walk" (Arnold, 1976; Stebbins, 1949), which is seen just prior to spermatophore deposition (N = 1 6); 3) during the actual act of spermatophore deposition (N = 1 6) and 4) immediately after spermatophore deposition by the male and cap pick up by the female (N = 2 66, 2 99). The following morning, between 0900-1000 hr, we examined the pairs that had not courted during the previous evening's observation session. Five of the pairs had mated (spermotophore base on substrate; cap visible in female's cloaca), and these individuals (N = 5 66, 5 99) also were sacrificed. We cooled each individual by placing it in a container inside an ice chest with dry ice. We removed animals before they froze, and dissected the entire cloacal area to preserve it separately for histological analysis.
Histological specimens were fixed in 10% neutral buffered formaldehyde. Some specimens were embedded in paraffin by standard methods, and sections were cut at 10 Atm. These paraffin sections were treated with one of the following: Harris hematoxylin counterstained with eosin (general cytology); periodic-acid/ Schiffs reagent counterstained with fast green (PAS-general carbohydrates); alcian blue at pH 2.5 counterstained with nuclear fast red (acid mucopolysaccharides); and mercuric bromphenol blue (proteins) or the Millon reaction (tyrosine, which is present in most proteins). Other specimens were frozen at -60 C and sectioned at 15 tm in a cryostat at -15 C. These sections were treated the same as the paraffin sections and, in addition, some were stained with osmium tetroxide (lipids). Staining reactions generally followed Humason (1979).
RESULTS
The anatomy of cloacal glands and conformation of the cloacal cavity of males not engaged in sexual activity when sacrificed was as described by Sever (1983). Briefly, the glands can be divided into eosinophilic (pelvic and vent glands) and basophilic (ventral and Kingsbury's glands) groups.
Eosinophilic glands.-The three groups of pelvic glands secrete into the dorsal part of the cloacal tube (dorsal pelvic gland), dorsal part of the anterior cloacal chamber (caudal pelvic gland), and into lateral portions of the cloacal tube and anterior cloacal chamber (dorsolateral pelvic gland). The secretion of the dorsal and dorsolateral pelvic glands consists of globules surrounded by granular material (Fig. 1A, B Fig. 1C) . In addition, globules of the dorsolateral pelvic gland also react strongly with osmium tetroxide (Fig. 1D) . The caudal pelvic gland is largely filled with a colloidal matrix which contains smaller globules within it. Occasionally, there is granular material similar to that of the other pelvic glands around the edges of the colloid. The colloid gives a moderate reaction with PAS, is negative with alcian blue and osmium tetroxide, and is positive with mercuric bromphenol blue and the Millon reaction.
Vent glands, a group of small tubules arising from the epidermis lining the caudal end of the vent, are eosinophilic glands whose apical cytoplasm stains positively with PAS and generally negative with the other stains. The vent glands did not seem to play a part in spermatophore formation.
Basophilic glands.-Kingsbury's glands secrete dorsally and laterally into the most anterior end of the cloacal tube (Fig. 1A) . Anterior ventral glands secrete into the cloacal folds which line the anterior half of the orifice. Posterior ventral glands secrete into the posterior half of the cloacal orifice and into the posterior roof of the cloacal chamber. The secretion of all these basophilic glands is granular and stains intensely with PAS and alcian blue (Fig. 1A, B) . The secretion of the posterior ventral glands, however, stains more lightly with these stains than that of Kingsbury's and anterior ventral glands (Fig. 2B) . All basophilic glands stain negatively with mercuric bromphenol blue, the Millon reaction and osmium tetroxide (Fig. 1C, D) .
Gland secretions. Since the reactions to PAS of the eosinophilic and basophilic glands described above are the same as the reactions to alcian blue for all glands (except the caudal pelvic gland), we conclude that the carbohydrate present is an acid mucopolysaccharide. The darkly staining alcian blue positive material found in Kingsbury's glands, pelvic glands, and anterior ventral glands henceforth will be called the dark granular secretion, while the more lightly staining alcian blue positive material from posterior ventral glands will be called the light granular secretion.
Males sacrificed during courtship (but before spermatophore deposition) were in the process of secreting substances into their cloacae to form a spermatophore. In the anterior cloacal tube of such specimens, there is a mixture of dark granular secretion, globules and spermatozoa. The globules are secreted by the pelvic glands, and the dark granular secretion is released from the pelvic glands (primarily from the dorsal portion) and from Kingsbury's glands. The dark granular secretion of the anterior ventral gland is added in the posterior cloacal tube. At this point, all the secretion products and the sperm are mixed with one another (Fig. 2A) . No definite organization is present, although it is apparent that the globules are more numerous dorsally (where pelvic glands secrete), and the dark granular secretion is more prevalent ventrally (where anterior ventral glands secrete) ( Fig. 2A) .
The globular secretion, dark granular secretion, and spermatozoa also are present in the anterior cloacal chamber. The light granular secretion of the posterior ventral gland is first noticeable in the region of the dorsal recess of the cloacal chamber (Sever, 1983), and the amount of other secretory products diminishes. In the posterior cloacal chamber where only posterior ventral glands secrete into the cloaca, the light granular secretion from this gland fills the cavity; no sperm, globules, or dark granular secretion are present (Fig. 2B) .
In males sacrificed immediately after spermatophore deposition, proximal ends of the male cloacal gland tubules appear empty and dilated (Fig. 2C) . In males sacrificed the morning after the observation session, proximal ends of the gland tubules still have not recovered to the level of fullness observed in males sacrificed prior to spermatophore deposition. Tubules of the pelvic glands especially appear empty and constricted (Fig. 2D) .
Composition of the spermatophore.-A freshly deposited spermatophore base consists of light granular material (Fig. 2B) . No dark granular material or globules are present in the base. Thus, we conclude that the base is formed by secretions of the posterior ventral gland.
The appearance of a spermatophore cap in a female sacrificed immediately after insemination is shown in Fig. 3A . At this stage, the cap appears to be loosely held in the female cloaca, and it is easy to dislodge the cap from the cloaca while processing the specimen. .r .,? D of a mixture of dark granular secretion, globules and spermatozoa. The cap, therefore, is formed by a mixture of spermatozoa and secretions from the pelvic glands, Kingsbury's glands, and the anterior ventral glands. There is still no apparent organization to this material except that some globules have seemed to coalesce to form a layer superficial to, and seemingly separate from, the main mass of material (Fig. 3A) . This separation is apparently an artifact of preparation procedures, but it indicates that this superficial layer is loosely bound to the rest of the cap at this stage.
A more definite organization is present among cap materials in females sacrificed the morning after the observation session (Fig. 3B) . The secretions have settled into discrete layers. The deepest portion consists of a mass of dark granular material shaped so as to fill the inner circumference of the cloacal orifice. Globules are lacking in this mass of dark granular material. Superficial to this are several layers of globular material which cover the cloacal orifice. Caps are difficult to dislodge at this time. The globular region has two distinct layers (Fig. 3C) . The deepest layer reacts with osmium tetroxide, so globules forming this layer must come from the dorsolateral pelvic gland (the only portion of the pelvic gland with globules that react in this manner). The outer globular layer does not react with osmium tetroxide, so globules forming this layer must come from dorsal and caudal pelvic glands. Superficial to the globular layers is a thin layer of dark granular material (Fig. 3B) .
Spermatozoa are scattered throughout the dark granular material of the cap, although they seem to be most numerous at the interface between the inner globular layer and the granular material. They are especially numerous in areas toward the posterior edge of the cap where the globular layers curve into the posterior end of the female cloacal orifice. At this stage, free spermatozoa are seen in the female's cloaca dorsal to the cap. We do not know whether these spermatozoa left the cap from its apex or from deeper portions (along the granular material/ globular interface).
Female sperm storage.-All females had been inseminated in the laboratory prior to this study, and their spermathecae were filled with spermatozoa stored from previous matings (Fig. 3D) . When spermathecal sections were stained with alcian blue/nuclear fast red, the spermatozoa showed two different staining reactions. Those spermatozoa in contact with the spermathecal epithelium stained dark red like the fresh spermatozoa in the spermatophore caps. Those spermatozoa in the spermatheca not in contact with the spermathecal epithelium stained light gray.
DISCUSSION
Spermatophore formation is not as simple as Noble and Weber (1929) reported. They credited the pelvic glands with forming most of the cap, but, in the specimens we examined, the bulk of the granular mass of the cap comes from secretions of the anterior ventral glands. Kingsbury's glands also share in this process. The base apparently is composed entirely of secretions from the posterior ventral gland and does not include secretions from the anterior ventral gland, as implied by Noble and Weber (1929). They were unaware, however, of the extent of anatomical and histochemical variability in the cloacal glands.
Organ and Lowenthal (1963) noted that the spermatophores of Desmognathus, Eurycea, Gyrinophilus and Pseudotriton were similar in structure. They reported that in these genera there was a "thin film" of "plaques of rather homogeneous substance" covering the margin of the cap where it attached to the stalk. This plaque layer apparently represents the outer globular (protein and lipoprotein) layers we describe in this report. Dorsal to the plaque layer, Organ and Lowenthal (1963) found the spermatophore cap to be composed of fibrous and granular PAS positive material in which some of the plaques were irregularly distributed. We found the protein globules mixed with the dark granular material only in freshly deposited caps. In females sacrificed the morning after the observation session, the globules had almost completely separated from the mass of dark granular material to form the outer layers of the cap.
Organ and Lowenthal (1963) also reported that the spermatophores of Plethodonjordani, P. glutinosus and P. welleri differed from those of species in the other genera mentioned above. The plaques in these Plethodon formed a capsule which apparently encircled the entire cap except for the region where the cap attached to the stalk. Such a capsule also was noted in P. In D. ochrophaeus, there are continuous globular layers on the ventral side of the spermatophore cap, and spermatozoa probably do not migrate ventrally as they move from the cap to the spermatheca. The majority of spermatozoa nevertheless appear at the interface between the granular material and the globular layers. These spermatozoa might be released into the cloaca as the inner granular material deteriorates. We are currently studying the fate of the spermatophore cap in females sacrificed at various stages beyond 10 hr after mating.
There are no data on how many spermatozoa migrate from the cap before it deteriorates, or on how many of these spermatozoa actually become established in the spermatheca. In our specimens, the spermathecae already contained large numbers of spermatozoa from previous inseminations. In this situation, spermatozoa from more recent inseminations might be less likely to gain entrance into the spermatheca. Spermatozoa from the last insemination can fertilize at least some ova, however, even when the female has had as many as 11 previous inseminations (Houck et al., 1985) .
Storage of spermatozoa from more recent inseminations may be facilitated if older spermatozoa already stored in the spermatheca degenerate over time. Our results show that spermathecal spermatozoa can be divided into two types on the basis of staining reactions. One type, found in contact with the spermathecal epithelium, is assumed to be completely viable since it reacts to stains in the same way as spermatozoa in a recently deposited spermatophore cap. The second type is spermatozoa that are free in the lumina of the spermathecae and that stain differently from sperm in close contact with the epithelium. This second type of spermatozoa could represent viable spermatozoa that
have not yet become associated with the spermathecal epithelium. Alternatively, this second type could be degenerating, inactive spermatozoa. Perhaps over time there is a turn-over of spermatozoa, with spermatozoa from more recent inseminations incorporated into the spermatheca as older spermatozoa die. Even so, it still seems unlikely that the majority of spermatozoa in a single spermatophore cap could be incorporated into a spermatheca where a large number of spermatozoa are being stored and maintained. Despite this "inefficient" usage of spermatozoa, the large number of spermatozoa produced per spermatophore nevertheless may increase a male's chance of fertilizing ova (Houck et al., 1985) .
We presently lack an explanation for the association of the spermatozoa with the acid mucopolysaccharide secretions of the cap and for the presence of the two outer globular layers, one containing lipoproteins and the other containing only proteins. The globular layers may simply facilitate separation of the cap from the base. The globular layers do not become wellformed, however, for some time after the cap is in the female's cloaca. More likely, these outer layers deteriorate more slowly than the inner granular matrix containing the spermatozoa and thus allow time for sperm to migrate before the granular material is exposed to ambient conditions.
The vent gland does not contribute to spermatophore production but nevertheless is relatively enlarged during the courtship season. Secretions from this gland may be pheromones that function in species and individual recognition and in territorial markings (aeger, 1981; Jaeger and Gergits, 1979).
Our histological evaluation of spermatophore production can be related to courtship in natural situations. We found, for example, that a male begins to form a spermatophore during the preliminary stages of courtship, even before the female has indicated receptivity. This preparation for spermatophore production may be costly for the male if the female is not receptive or does not immediately mate with the male. Our laboratory courtship encounters were staged such that the female could not leave the area, even if she were not initially receptive. In the field, one way that a female might indicate receptivity is by staying near a potential mate. A male in close constant contact with a female, therefore, might anticipate spermatophore pro-duction even before more overt female behavioral cues indicate receptivity.
